ABSTRACT The verde plant bug, Creontiades signatus (Distant), has been present in south Texas for several years but has more recently been documented as an economic threat to cultivated cotton, Gossypium hirsutum L. Our studies over 2 yr (2009 and 2010) and two locations (Weslaco and Corpus Christi, TX) investigated feeding-injury of the verde plant bug to a range of cotton boll age classes deÞned by boll diameter and accumulated degree-days (anthesis to the time of infesting) for Þrst-position cotton bolls infested with the plant bugs. The most detrimental damage to younger cotton bolls from verde plant bug feeding was boll abscission. Cotton bolls Ͻ04 accumulating daily degreedays (ACDD), or a boll diameter of 1.3 cm were subject to 60 Ð70% higher boll abscission when compared with the noninfested controls. SigniÞcantly higher boll abscission occurred from verde plant bug injured bolls compared with the controls up to 162 ACDD or a mean boll diameter 2.0 cm. Cotton seed weights were signiÞcantly reduced up to 179 ACDD or a boll diameter of 2.0 cm at Weslaco in 2009, and up to 317 ACDD or boll diameter 2.6 cm for Weslaco in 2010 when compared with the noninfested controls. Lint weight per cotton boll for infested and noninfested bolls was signiÞcantly reduced up to 262 ACDD or boll diameter 2.5 for Corpus Christi in 2010 and up to 288 ACCD or boll diameter 2.6 cm for Weslaco, TX, in 2010. Damage ratings (dependant variable) regressed against infested and noninfested seed-cotton weights showed that in every instance, the infested cotton bolls had a strong and signiÞcant relationship with damage ratings for all age classes of bolls. Damage ratings for the infested cotton bolls that did not abscise by harvest showed visual signs of verde plant bug feeding injury and the subsequent development of boll rot; however, these two forms of injury causing lint and seed mass loss are hard to differentiate from open or boll-locked cotton bolls. Based on the results of both lint and seed loss over 2 yr and four studies cotton bolls should be protected up to Ϸ300 ACDD or a boll diameter of 2.5 cm. This equilibrates to bolls that are 12Ð14 d of age dependent upon daily maximum and minimum temperatures.
True bugs, including mirids and stink bugs, have increased in importance as signiÞcant pests of cotton in most areas of the cotton belt over the last Þfteen years. The adoption of transgenic cotton varieties that effectively control lepidopteran pests, along with the development and use of more target speciÞc insecticides has resulted in an overall reduction in broad spectrum insecticides that may have suppressed or controlled heteropteran species. The Lower Rio Grande Valley (LRGV) and Coastal Bend region of south Texas are being challenged with a native mirid species Creontiades signatus (Distant) recently given the common name "verde plant bug" (Armstrong 2011) . Observations of the verde plant bug over the last 10 yr indicate that infestations occur later in the cotton season, with young cotton bolls being the most susceptible to feeding injury. The insertion of the stylets, probing, and the injection of digestive enzymes reduce boll growth by damaging the accumulation of assimilates. This results in damage to the developing lint and seed, or the abscission of the boll. The developing lint Þbers are damaged during the process of probing, but Armstrong et al. (2010) notes that preference in feeding is for the developing ovules. The feeding and probing sites also provide for invasive pathways for the pathogens that cause boll rot (Armstrong et al. 2009 ) where the economic loss caused by these invasive pathogens may be at least equal to, if not greater than, that of the feeding injury alone. The development of boll rot is dependent upon environmental conditions that prevail after the feeding and injury.
Crop consultants, extension personnel, and growers producing south Texas cotton have posed the question as to when a cotton boll may be mature enough that feeding from the verde plant bug will not result in economic damage. The determination of a "boll threshold" that deÞnes when a cotton boll has reached a point of maturity that insects can no longer cause the boll to abscise from the plant, or the boll does not sustain any economic loss in marketable value to the lint and seed has not been determined.
Our objectives for this study were to deÞne the relationship of boll feeding injury of the verde plant bug to cotton boll-age as deÞned by degree-days accumulated past anthesis to 1) determine the size and age of the cotton boll at which time abscission or lint and seed damage from verde bugs is no longer significant, and 2) assess the extent of damage to lint and seed cotton caused by feeding injury and resulting boll rot. The results will help producers gain a knowledge base for determining when management strategies (i.e., insecticides applications) can be justiÞably terminated.
Materials and Methods
Experimental Design and Factors. Studies were conducted at both the USDAÐARS (Agriculture Service Review) research farm, Weslaco, TX, and the Texas A & M AgriLife Research and Extension Center, Corpus Christi, TX, during the 2009 and 2010 cotton growing seasons. At these sites, Þrst-position cotton bolls of FiberMax 840B2RF were identiÞed at white bloom (Þrst day of anthesis), so that a treatment represented infested (verde plant bugs enclosed with a bag) and noninfested (bolls enclosed with a bag but no insect) cotton bolls of a speciÞc age as deÞned by accumulated degree-days and size. Bolls were tagged and infested from 1 to 2 times a week so that a range of sizes were available for infesting at known boll ages. First-position cotton bolls were used for uniformity and because they are a signiÞcant portion of the total yield (Jenkins et al. 1990 ).
An experimental plot used for infesting cotton bolls with verde plant bugs was deÞned as the four rows of cotton, 10 m in length, but only the center two rows were used for tagging and infesting. Four to six blocks containing sets of replicate plots for the date of infesting cotton bolls were used to infest across a range of boll ages. Boll age was determined by accumulating daily degree-days (ACDD; 60ЊF base temperature) from anthesis to the time of infesting (Bagwell and Tugwell 1992) . Boll diameter was measured along the diagonal from the locules at the widest point with calipers at the time of infesting. For each infesting date, a minimum of 25 white-blooms per replicate (100 Ð150 total across replicates) that exhibited anthesis were identiÞed with color coded tags secured with cotton strings placed around the main stem and pedicle of Þrst position white-blooms. The color of the tag identiÞed the date of infesting. Blooms were tagged 1Ð2 times a week depending upon progress of growth and the availability of Þrst-position cotton blooms from each plot. The number of boll age classes varied from 5 to 9 wk by location and year depending upon weather and resources.
Cotton bolls were infested by enclosing two adult verde plant bugs on Þrst-position bolls by using a 15 ϫ 11.5 cm nylon bag equipped with a draw string (Armstrong and Camelo 2005) . The bags used for infesting and those on the paired controls (no bug enclosed) were left on the plants for 72 h. Each boll was sprayed with pyrethrin, (0.02% by volume, United Industries, St. Louis, MO) following the 72 h period. The bags were left on the plants until harvest to help prevent further damage from other insect pests. No sex determinations were made for the adult verde plant bugs.
When the infested and noninfested cotton bolls reached harvestable maturity, all were noted as present or aborted and taken to the laboratory. The lint and the seed were hand separated from each boll that remained on the plant. A subjective damage rating system (0 Ð 4) developed by Lei et al. (2003) was used to categorize the damage at the time of harvest for the bolls that remained on the plant. The damage ratings ranged from 0.0 for no damage to any of the locules from each boll, to a rating of 4.0 where feeding injury and or boll rot affected all four locules. Bolls that were aborted at harvest were given a damage score of 4. Because the southern portion of Texas remains under active boll weevil eradication, the studies at Weslaco, TX, were conducted under large screen cages to prevent the establishment of boll weevils, and to prevent the necessity of spraying the cotton with ULV Malathion. Verde plant bugs used to infest Þrst position cotton bolls were either collected from cowpeas, ÔTexas PinkeyeÕ (Vigna unguiculata L.) planted at the USDAÐARS research farm just south of Weslaco, TX, or reared at the USDAÐARS laboratory (Weslaco, TX). Collected insects were kept in plexi-glass cages overnight on cowpeas before being used to infest. Only healthy unsexed adults, with all appendages intact, were used for infesting cotton bolls.
Statistical Analysis. The measured variables percentage boll abscission, seed weight per boll, and lint weight per boll were compared using PROC GLIMMIX (SAS Institute 2003) procedure for the Þxed effects of treatment (infested and noninfested) and the ACDD using the LS MEANS Statement. The LS MEANS were adjusted using TukeyÐKramerÕs signiÞcance test (␣ ϭ 0.05). Further interactions for lint weights and seed weights were examined using the SLICE option of the LS MEANS statement for test effects of treatment (infested vs. noninfested) by ACDD, sliced by ACDD. Because of the subjective nature of the damage scores, infested and noninfested bolls were compared using one-way nonparametric statistics (PROC NPAR1WAY) for the overall model, and by each age class as deÞned by ACDD at the time of infesting. SigniÞcance between the infested and control cotton bolls was detected by the using the KruskalÐWallis type of 2 Likelihood ratio test (␣ ϭ 0.05) (SAS Institute 2003) . We further examined the linear relationship (PROC REG) of damage score (dependent variable) and the seed cotton yield (seed weights ϩ lint weights, independent variable) for each location and year of the study with ACDD used as the independent variable.
Results
Cotton Boll Abscission. The overall Þxed effects for boll abscission for infested versus noninfested (F ϭ 96.4; P Ͼ 0.001; df ϭ 1, 29) and the interaction of infested versus noninfested * ACDD (F ϭ 24.69; P Ͻ 0.001; df ϭ 14, 29) was signiÞcant for cotton bolls from the Weslaco location in 2009 (Fig. 1A) . Younger cotton bolls, Ͻ40 ACDDs from anthesis (Ͻ1.1 cm in diameter) were signiÞcantly damaged by verde plant bug feeding for the Weslaco in 2009. Boll abscission ranged from Ͼ60% for the smallest bolls to Ͻ10% for bolls that were 158 ACDDs. There were no bolls that abscised for either verde plant bug infested or the controls for bolls Ͼ179 ACDD or Ͼ1.9 cm in diameter, and for up to 610 ACDDs for the last infestation date for Weslaco in 2009. The Þxed effects for Corpus Christi in 2009 for infested versus noninfested (F ϭ 15.47; P Ͼ 0.002; df ϭ 1, 12) and the interaction of infested versus noninfested * ACDD (F ϭ 11.37; P Ͻ 0.01; df 5, 12) were also signiÞcant for abscission that occurred after the Þrst infestation of 104 ACDDs, or a boll diameter of 1.5 cm, although bolls lost at 154 ACDD were numerically higher for the infested versus the controls (Fig. 1B ). There were 10 fewer infestations dates for Corpus Christi in 2009 when compared with Weslaco for 2009, and the results indicate that no appreciable rain occurred at Corpus Christi or Weslaco in 2009, with minimal total precipitation from planting to harvest being 6.2 and 8.2 cm, respectively. Cotton fruit development was rapid and boll retention was high under these conditions with very little boll shed.
The 2010 growing season contrasted the 2009 season for Weslaco and Corpus Christi because precipitation was much higher as a result of tropical storms (43.5 and 44.5 cm, respectively), especially for the second portion of during boll set. The treatment effects of infested versus noninfested (F ϭ 23.48; P Ͼ 0.01; df 1, 38) and the interaction terms for infested versus noninfested * ACDD (F ϭ 7.46; P Ͻ 0.01; df 6, 38) were also signiÞcant for Weslaco 2010 site (Fig. 1C) . The combined damage from feeding injury and boll rot caused bolls to abort for up to 317 ACDD; however, there were no signiÞcant differences in abscission for infested bolls compared with controls for the last two age classes of 187 and 317 ACDD, or boll diameters of 2.1 and 2.6 cm, respectively. Finally, the treatment and main effect interaction (infested vs. noninfested, F ϭ 10.41, P Ͼ 0.003, df ϭ 1, 22; infested vs. noninfested * ACDD, F ϭ 8.51, P Ͻ 0.001, df 4, 22) for the percentage boll abscission were signiÞcant for the Corpus Christi experimental site, resulted in signiÞcant bolls loss up to 162 ACDD, followed by Ͻ5% for both the infested and controls at 261 ACDD, or boll diameter 2.7 cm (Fig. 1D) .
Cotton Boll Seed and Lint Weights. Cotton boll seed weights (total seed mass/cotton boll) were signiÞcantly affected by verde plant bug feeding from infested versus the controls (F ϭ 64.824; P Ͻ 0.001; df ϭ 1, 18.0) for Weslaco in 2009 ( Fig. 2A) This occurred consecutively for up to 179 ACDD with an average boll diameter of 2.0 cm. No signiÞcant difference between the infested and controls occurred for the remainder of the boll classes for up to 610 ACDD and an average boll diameter of 3.4 cm. Seed weights for Corpus Christi in 2009 were signiÞcantly lower (F ϭ 78.43; P Ͻ 0.001; df ϭ 1, 18.0) from the Þrst infestation of 104 ACDD past anthesis, up to 279 ACDD (Fig. 2B) . The boll diameter for the Corpus Christi site was just over 3.0 cm, compared with all other site and locations being Ͼ3.3 cm. This is an indication of the drought conditions that adversely affected boll size. SigniÞcant losses in seed weights for the Weslaco location (F ϭ 51.32; P Ͻ 0.001; df ϭ 1, 10.0) occurred in 2010 from Þrst tag date of 69 ACDD up to 317 ACDD or (Fig. 2C) . The Corpus Christi location had extended loss in seed weights (F ϭ 37.94; P ϭ Ͻ 0.001; df ϭ 1, 8.0) compared with the previous year. Seed weight loss per boll occurred up to 262 ACDD (Fig. 2D) .
Cotton bolls from Weslaco in 2009 infested with verde plant bugs were signiÞcant lower in lint weights versus the controls (F ϭ 133.28; P Ͻ 0.001; df ϭ 1,18) from the youngest bolls infested (40 ACDD) to 288 ACDDs (Fig. 3A) . There was no difference in bolls tagged at 314 ACDD, but at 334 ACDDs, the controls were signiÞcantly higher than infested bolls. Interestingly, at 423 ACDDs, the infested lint weights were signiÞcantly higher than the controls, where overcompensation may have promoted the growth of more lint. Corpus Christi lint weights for 2009 were lower for the infested bolls (F ϭ 82.09; P Ͻ 0.001; df ϭ 1, 18) when compared with the noninfested bolls from 92 to 279 ACDDs (Fig. 3B) . Lint weights for 2010 Weslaco were consistently lower than the noninfested for up to 317 ACDDs, or 10 d of age (Fig. 3C) , while the infested bolls for Corpus Christi were signiÞcantly lower (F ϭ 9.36; P Ͻ 0.015; df ϭ 9.56) up to 262 ACDDs (Fig. 3D) .
Cotton Boll Damage. If younger cotton bolls did not abscise from verde plant bug feeding, the resulting damage ratings show that infested bolls were subject to much more damage when compared with the noninfested bolls, as indicated by the KruskalÐWallace tests for each location and year (Fig. 4AÐD) . The noninfested bolls were generally damaged Ͻ0.5 for both study sites in 2009. However, damage ratings recorded for the controls in 2010 at both locations were numerically more persistent across boll sizes and ACDDs (Fig. 4C, D) . Damage ratings for the infested bolls ranged from 2.4 to Ͼ3.0 for bolls that are Ͻ150 ACDDs for bolls that remained on the plant at harvest. These observations are further supported by the linear relationships of seed cotton weights regressed against damage scores (Table 1) . In every instance, across years and sites, the models for infested bolls were signiÞcant, with higher R 2 values and slopes when compared with the noninfested bolls. Damage ratings include both the combined effects of feeding injury and the subsequent development of boll rot, and this appears to increase the susceptibility of the boll to pathogens even as they age and increase in ACDD.
Discussion
Our interest in determining the relationships between verde plant bug feeding, and cotton boll diameter and ACDD are centered on Þeld observations of production cotton Þelds where infestations of verde plant bugs occurs when the majority of bolls that provide a signiÞcant contribution to seed and lint yields are present, and fruiting forms that are in anthesis or younger will not produce harvestable lint within the growing season. We recognize that verde plant bugs will feed on squares and cause abscission or injury to both the developing lint and seed. We believe that as cotton bolls mature, the carpel wall and endocarp become too thick and tough for penetration for the stylets, and no further damage occurs. The more complicating factors are the interactions of feeding injury and moisture conditions that prevail after that injury. During the process of verde plant bugs probing the exterior of the boll for undeveloped ovules as reported by Armstrong et al. (2010) , the penetration of stylets through the carpel wall provides entry routes for pathogens to develop. The prevailing moisture conditions then dictate the development of those pathogens; however, the model system is for green stinkbugs that have more robust stylets and prefer to feed on larger, more mature cotton bolls with thicker carpel walls (Esquivel et al. 2010 ). We also recognize that cotton bolls that are enclosed with nylon bags may be injured by other insects (i.e., stink bugs, lepidopterans) through penetration of the bag, either before enclosure or after enclosure depending upon the age of the boll. This would explain why damage ratings Ͻ0.5 may be sustained even in the controls of this study.
In conclusion, the combined effects of verde plant bug feeding injury and the development of boll rot over the 2 yr study sites and locations using FiberMax 840B2RF cotton shows that small bolls ranging in size from 1.0 to 2.0 cm, or 40 Ð160 ACDD, respectively, are most susceptible to the feeding injury and subsequent boll rot and that will result in 60 Ð70% of the bolls to abscise from the plant at some point before harvestable maturity. Cotton bolls larger than 2.0 cm may sustain some degree of lint or seed mass loss, but the percentage of bolls that remain on the plant greatly increases and will still contribute to seed and lint production. Loss in lint weight mass occurred up to 334 ACDD or a diameter of 2.5 in 2009 at Weslaco, TX; however, the lint loss for We- slaco 2009 stopped after 187 ACDD or a boll diameter 2.1 cm. These data indicate that the youngest cotton bolls that are from 1.0 cm (the average size of the youngest boll observed after the bloom falls off) to 2.5 cm should be protected from verde plant bug feeding in terms of a boll protection threshold. As the carpel wall thickens and toughens during the process of maturity, older cotton bolls become less attractive and or physically impossible to feed upon and require less protection. Further research that develops and compares the most accurate sampling schemes, and the development of economic thresholds based on the densities of verde plant bug related as related to economic loss needs to be conducted. However, this simplistic boll threshold should help as further information on economic thresholds are developed and provided to cotton growers. 
